The dynamic mechanical and dielectric properties of poly(methyl methacrylate)/ clay nanocomposites (PCNs) prepared with melt blending was studied in terms of clay modification and nanoscale dispersion. The pristine clay was modified via various routes, including PMMA concentrates from in situ polymerization and POP-diamine intercalation. Partially exfoliated clay layers were uniformly dispersed in the nanocomposites as evidenced from x-ray diffraction study. The subglass β relaxation, the segmental α relaxation, and the α β-merging process above T g were observed in the nanocomposites from the dielectric analysis. Compared to neat PMMA, with only 5 wt% clay loading, the modified PCN materials exhibit higher glass-transition temperatures and higher dynamic storage moduli, which was attributed to the polymer chain tethering and confinement effect. Significant increase in dielectric permittivity's and losses due to interfacial polarization and ionic conduction were observed for the PCNs. The intensity of the interfacial polarization process increases with the dispersion degree of clay layers and hence the relaxation process can be assigned to the space charge polarization of the ionic species in the clay intergalleries.
Introduction
PMMA/clay nanocomposites (PCNs), which offer the potential for reduced gas permeability and improved thermal and mechanical properties without loss of optical clarity, have been extensively reported in the literature (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . They were prepared mainly by in situ bulk (1-2), suspension (3) or emulsion (4-6) polymerization. The in situ polymerization, depending on a variety of parameters such as mode of polymerization and type of silicate modifier, may lead to the tethering of the polymer chains to the layered silicate surface and give a variety of mixtures of intercalated (1) (2) (3) or exfoliated (4-6) materials.
Other methods have also been reported with solution (7) (8) or melt (9-11) processing for PCNs. The melt processing is not only compatible to current polymer extrusion and blending processes, but also fulfills the environmental requirements for using no solvents. In general, melt intercalation is both economically and ecologically attractive in fabricating PCNs. Further, even single alkyl chain for silicate modifier is usually sufficient for in situ polymerization but more may be required for a melt blending operation (9, 10) . Until a clear understanding of the effect of constituent interactions most likely to promote complete exfoliation is in hand, achieving the optimum properties with inorganic nanofillers will be difficult.
Dynamics of polymer/clay nancomposites has been widely studied by many researchers (12) (13) (14) (15) . Scientifically speaking, the PCNs may serve as a model (16) for studying the dynamic behavior of the polymeric matrix, especially of those parts being preferentially located in the interfacial regions. In particular, the adsorption of polymer segments onto a rigid inorganic structure may slow down their dynamics (17, 18) where extent and spatial range of this influence should depend on their intermolecular interactions as well as their chain stiffness (19) . Furthermore, nanosized dimensional restrictions by the clay layers may have an effect on the cooperative motion of the polymer molecules such as the glass transition, which is often referred to as confinement effect (20, 21) , or induce changes in the local free volume distribution (22, 23) possibly leading to enhanced molecular mobility. Such details of the local polymer structure and dynamics in the interfacial regions adjacent to rigid inorganic fillers have been identified to be of decisive importance for the development of nanocomposite applications.
Furthermore, dynamic mechanical thermal analysis (DMTA) is an important tool to study the structure-property relationships in polymer composites (24, 25) . DMTA probes essentially the relaxations in polymer chains, thereby providing a method to understand the mechanical behavior and the molecular structure of these materials under various conditions of stress and temperature. On the other hand, dielectric relaxation spectroscopy (DRS) is a powerful technique for obtaining molecular dipolar relaxation as a function of temperature and frequency, from which the effect of intermolecular cooperative motion and hindered dipolar rotation can be elucidated (26) . A nanocomposite is subjected to ionic, interfacial, and dipole polarization under an external electric field. These polarization mechanisms with considerably different time scales and length scales make DRS a versatile probe to study nanocomposite dynamics.
In this work, we present for the first time a study on the effects of various modifications on the relaxation behaviors of the PMMA/clay nanocomposites via melt blending route, and compare and contrast the structure and physical properties to those from the typically modified organoclay melt-based intercalation approach. The motivation for such a study stems from the lack of fundamental understanding and the interest in the use of new routes for PMMA organoclay hybrids. Here both DMTA and DRS were used to investigate the molecular mobility in such systems, which may be utilized as an indicator for the characterization of nanocomposite materials with regard to nanoparticle dispersion and filler/matrix interactions. Eventually, a better understanding of structure and dielectric behavior of the extended interphase fraction in nanocomposites should also significantly improve the specific development of such materials, especially for more sophisticated applications in sensors, optics, microelectronics, and the field of functional materials.
Results and Discussion
The purpose of this study is to evaluate the dielectric properties, particularly the relaxation time and the activation energy of polarization, of a collection of PCNs, to determine the effects of various modifications of clays on the clay dispersion and relaxation behaviors of the polymer. If the evaluation of relaxation parameters is to make sense, one must first of all understand if a nanocomposite has been formed; Xray diffraction is used for this purpose. It is also of utility to have information from dynamic mechanical analysis to compare with the dielectric data. 
Clay Dispersion and Morphology
The d-spacing observed for pristine Cloisite Na+®, a sodium montmorillonite, is 1.28 nm, which always increases upon organic modification. The d-spacings of the organically modified clays and the PCNs are shown in Table 1 while the actual XRD diffractograms are shown in Fig. 1 . In addition, the 30B clay has been shown dispersed uniformly in the PMMA matrix (11) because of the affinity between the organic intercalant and PMMA polymer.
Dynamic Mechanical Thermal Analysis
By means of DMTA measurements, we investigate how the presence of silicates alters the polymer chain mobility, and characterize the composite interfacial interactions. DMTA represents an excellent method of correlating the performance of the nanocomposites and the host matrix with the presence of more or less constrained regions. Storage modulus (E') spectra of PCNs with 5 wt% clay are presented in Figure 2 . A general falling trend can easily be observed for all samples. Above glass transition temperature around 100 o C, the storage modulus values decreases with increasing temperature, particularly in the vicinity of glass transition temperature, a considerable drop is observed, which indicates that the material was going through a glass/rubber transition. This is the α transition, which is the major transition in the nanocomposites. On one hand, over the entire temperature range studied in this work, only the two nanocomposites, PCN1 and PCN30B, show increase in storage modulus spectrum over the neat PMMA, indicating that the clay addition induced a reinforcement effect. Further, PCN30B shows the higher E' due to better clay dispersion than PCN1. However, the difference between the composites and the neat resin generally diminishes at temperatures above T g because of the dominance of polymer matrix. On the other hand, PCN0, the macrocomposite, shows slightly decrease in E' in comparison to neat PMMA. This is expected, because the PMMA matrix did not exhibit any interfacial interaction with virgin clay. Finally, PCN2, the hybrid of PMMA and POP4000 modified clay, shows the lowest E' of all samples. Note that even the clay dispersion in PCN2 was uniform, the incompatibility between PMMA and POP oligomer, which will be discussed in the loss modulus measurements, resulted in the low value of E'.
Fig. 3.
Loss modulus spectra of the neat PMMA and nanocomposites at 5 wt% clay loading. Figure 3 shows the loss modulus (E") spectra of the PCNs. Two major transitions are easily seen. The first transition, which is seen around 100 °C is the segmental glass (α) transition (T g ). The other transition is seen as a broad peak in the range of 10 to 40°C. This is the β transition, which usually seen in amorphous polymers due to the rotational motion of pendant groups in PMMA. Among all the samples, PCN2 shows the lowest T g at 96 o C, and the T g of PCN1, the nanocomposite from PMMA concentrate, shows the highest value at115 o C, indicating the tethering effect of PMMA chains on the surface of clay layers via initiated polymerization with AIBA.
Another primary transition at -56 o C can also be seen as a sharp peak in the E" spectrum of PCN2. The subzero T g represents the segmental motion of POP oligomer, which clearly demonstrates the incompatibility between POP4000 and the PMMA matrix. Moreover, T ββ values do not differ much among the PCNs, since either the chain confinement or tethering mainly manifest the interaction between the polymer backbones and the clay nanolayers, and the local motion of the pendant groups would not be affected.
Dielectric Spectroscopy Analysis
-DRS of Neat PMMA and PCN30B Dielectric measurements on neat PMMA in the temperature range of o C and over frequency from 10 -2 to 10 5 Hz were studied. The data are represented as the real part of complex permittivity (ε') and the dielectric loss (ε") in Figure 4a and b, respectively, from which two relaxation processes are visible.
(a) (b) Fig. 4 . Temperature-frequency dependence of (a) dielectric permittivity (ε') and (b) dielectric loss (ε") for the neat PMMA.
At low temperatures T<T g there is slight dependence of permittivity on frequency. However, at T>T g there is a considerable increase in the permittivity at low frequencies. Most of this high temperature increase in permittivity is due to electrode polarization effects arising from ionic conduction showing a significant increase at T>T g . Furthermore, these figures also demonstrate the presence of two temperaturedependent relaxation processes that are identified by their shouldered response in the ε' data and corresponding peaks and/or shoulders in ε" (27, 28) . At T<T g the faster β relaxation is shown as a broad peak due to the dipolar polarization of the methyl acetate side groups. Recall that our DMA studies have shown that the PCNs display a much broader β relaxation in the same temperature range. Thus the dielectric β relaxation appears more resolved. Next, the α relaxation is shown as a narrow peak at T>T g due to local dipole mobilization incorporated into large-scale cooperative segmental motion at the glass transition of the polymer. Both relaxation processes shift toward higher frequencies with increasing temperature. This shift in the frequency is because the dissipated thermal energy assists polar groups to follow the motion of the alternating electric field, resulting in reduced relaxation times.
Further, it can be clearly seen that the two relaxation process start to merge at temperatures above 110 o C and at frequencies above 1000 Hz. The merging process has been fully investigated (29, 30) . It is an overlapping effect between α-and β-relaxations, which are originally independent of each other. The local β-relaxation becomes a "locally coordinative" process with increasing temperature because the side chains cannot move independently from the neighboring side chains or a part of the main chain (31) . At temperatures higher than T g , the α-relaxation is still present, however, the β-relaxation changes into cooperative αβ-relaxation, which can be briefly described as the segmental motion of the main chain is coupled with the side chain involving the local dipolar polarization. Temperature-frequency dependence of (a) dielectric permittivity (ε') and (b) dielectric loss (ε") for PCN30B.
The dielectric measurements of ε' and ε" for PCN30B are presented in Figure 5a and b, respectively. With the addition of clay 30B, both the values of ε' and ε" are much higher than that of neat PMMA, which represent additional process other than electrode polarization would be present due to fine clay dispersion contributing to the increase in the mobile charge carriers, such as free surfactant or impurities. The mobile charge carriers would result in ionic conduction and space charge polarization (interfacial polarization), which has been reported in other nanocomposite systems (31) (32) (33) . Further, ε" increase steeply at high temperatures (above 110 o C in temperature sweep tests) and at low frequencies (below 10 Hz in frequency sweep tests), such hat only single peak due to β-relaxation can be observed in the ε" curves, and the α-relaxation peak is dwarfed by the extreme increase in ε" at high temperatures. Finally, at temperatures higher than T g , in the ε" spectrum of temperature sweep at 10 4 Hz, the peak due to αβ merging process can also be observed. Figure 6a , b and c illustrates the dielectric loss data of all samples for the supergalss regime, glass-rubber regime and the subglass regime, respectively. At 60 o C in the subglass regime (see Fig. 6a ), except PCN2, shows the faster β-relaxation at high frequency region peaked around 10 3 Hz. At low frequency region, the conductivity effect is not so obvious that only mild increase in ε" for both PCN1 and PCN30B can be seen around 10 -1 Hz. However, the magnitude of ε" of PCN2 is the greatest among all samples, and the β peak is masked in the ε" spectrum as a result of significant conductivity contributions due to the impurities and the free POP4000 oligomers. At elevated temperature of 110 o C in the glass-rubber regime (see Fig. 6b ), the dielectric loss at low frequencies increases continuously as a result of contributions due to ionic conduction. As expected, the β-relaxation now shifts to higher frequencies than that at 60 o C for all the samples except PCN2, whose β peak is still masked by the conductivity effect. Furthermore, for neat PMMA at 110 o C, the ε" spectra is skewed to lower frequencies because of the occurrence of a weak α-relaxation, which appears in the frequency range 0.1-10 Hz and well separates from the β-relaxation. However, for the PMMA/clay hybrids, the significant conductivity effect obscures the α-relaxation peak at 110 o C.
Comparison of Dielectric Loss Spectra
Finally, at temperatures above T g at 130 o C (see Fig. 6c ) where the α-and β-processes merge into a single peak, the ε" spectrum of neat PMMA shows a partial peak of the very broad αβ-process in the frequency range 1-10 5 Hz. Similarly, the broad αβ-process is also seen in PCN0 but shifts to the higher frequency range from 10 to 10 5 Hz. Moreover, the magnitudes of ε" of the nanocomposites (PCN1, PCN2, and PCN30B) increase further in the low frequency region due to the significant conductivity effect, which also obscure the α β-process in those nanocomposites . Figure 7a expresses the Arrhenius plot for f max of both α-and β-processes of neat PMMA and its macrocomposites PCN0. As expected, the two curves are nearly the same for both samples because the PMMA polymer did not interact with the nanoclay in PCN0. There is a bending point in the plot at about 110 o C for each curve. The change in the activation energy is corresponding to the change of the relaxation process from β-process below the T g to αβ-process above the T g . Therefore, the temperature of the bending point is at least thought to be above the T g . Figure 7b shows the Arrhenius plots of β-process of all the nanocomposites. It is clearly seen 1000/T(K) Note that the frequency at which α-process can be observed was beyond the lower limit of the frequency sweep tests, the peak frequencies of α-process were determined from temperature sweep tests, which can be observed in neat PMMA and PCN0. However, in the nanocomposites, PCN1, PCN2, and PCN30B, the conductivity effect is so significant at high temperatures or at low frequencies that the normal α-process is masked in either the temperature or the frequency sweep tests. Table 2 shows the activation energies ΔE of α, β and MWS processes. These activation energies were determined by a linear least-squares fit, and the slope below the bending point corresponded to the ΔE of individual relation process. The ΔE α are listed only for PMMA and PCN0, whose values are close. Again, it indicates that the aggregated clay did not interact with PMMA matrix in PCN0. While the activation energies of β-process for PMMA and PCN0 are also close, the ΔE β for the nanocomposites are generally smaller than that of neat PMMA, but the differences are not large. In addition, the magnitudes of both ΔE α and ΔE β correlate well with that determined from dynamic mechanical and creep experiments (28) . Further, the ΔE β of PCN2 shows the smallest value among the nanocomposites, which suggests that the increased heterogeneity in PCN2 as a result of the high dispersion degree of exfoliated clay nanolayers giving rise to such low energy barrier for the rotation of acetate side group. The peak frequencies for obtaining ΔE MWS were determined from the electric modulus formulation to be discussed in the next section.
Maxwell-Wagner-Sillars Interfacial Polarization
One particular process, which is absent in neat PMMA, can generally be observed in the nanocomposites in the low-frequency regime due to the presence of clay nanolayers. This relaxation process is usually referred to as the Maxwell-WagnerSillars (MWS) interfacial polarization, which occurs because of blocking of mobile charge carriers in inhomogeneous materials at matrix-filler interface on a mesoscopic scale. This leads to the separation of charges which gives rise to a significant contribution to the polarization of the sample (26, (31) (32) (33) . However, the MWS process cannot be usually observed from the ε" spectra because of the overlapping with the conductivity effect at low frequencies. It is worth mentioning that the electric modulus representation (see Eqn. 2) gives more robust representation of the of the MWS relaxation. The dc conductivity that was observed in the low-frequency data of Figure 6 is associated with the transport of free ions through the softened polymer matrix under action of an electric field. The siginificant conductivity effect will mask the MWS relaxation. By using the electric modulus formalization for the treatment of the raw dielectric data, the contribution of electrode screening and conductivity effects in the low-frequency regime can be minimized (26, 31) . Figure 8a , b, and c shows the electric loss modulus, M", representation of MWS polarization for the nanocomposites at 60, 110, and 130 o C, respectively. Since the relaxation behaviors of neat PMMA and PCN0 are very close, the plots of the experimental results of PCN0 will be excluded in the following discussions for simplicity. c samples except PCN2, in which the MWS polarization appears as a broad peak at 10 -1 Hz in the electric modulus spectrum besides the β-process, which is less resolved and peaked around 10 3 Hz. Recall that POP4000 tethering at the clay platelet surface via cation exchange with Na + would give rise to the local accumulation of some degraded POP4000 oligomer at PMMA/POP/clay interface, which may contribute to the strong MWS polarization in PCN2 even at temperatures below the T g of PMMA, but much higher than the T g of POP4000 (see DMTA results). At 110 o C in Fig 8b, as expected, the individual relaxation processes all shift toward higher frequencies with increasing temperature. With significant increase in ε" at low frequency regime, the corresponding values of M" decrease with increasing temperature in PCN2. The broad peak at ca. 3×10 -2 Hz of MWS polarization in PCN30B (filled inverse triangle) also appears. On the other hand, in the M" spectrum of PMMA, a shoulder in the frequency range from 10 -1 to 10 Hz was identified as the α-process. It could also be seen in the spectrum of ε". At 130 o C in Fig. 8c , a broad, partial peak corresponding to the αβ-process is observed in both the neat PMMA and the hybrid systems. In adition, the MWS process, seen as a broad peak in both PCN30B and PCN2 continues shift to higher frequencies; and the peak of MWS process in PCN1 (open triangle) also appears at 10 -1 Hz. In short, PCN2 shows the most significant MWS polarization among the nanocomposites because of the high loading POP4000 oligomer, which may be degraded during melt blending, resulting in the increase in the mobile ionic species and the enhancement of the interfacial polarization at the organic-inorganic interfaces.
Electric Modulus Formulation
Some interesting features regarding the MWS relaxation are noted as follows: (1) the relaxation time distribution as determined from the breadth of the relaxation peaks for the MWS interfacial polarization is broader than that for the β relaxation. Note that for the MWS relaxation it spans more than 5 orders of magnitude, while for the β-process the relaxation time distribution spans only 3 orders of magnitude. This is attributed to the heterogeneous geometry of the polymer-clay interfaces that are responsible for a range of different relaxation times (31) . A much higher dielectric intensity is observed for the MWS relaxation when compared with that for the β relaxation is because of the distinct nature of these two relaxation modes. The higher dielectric magnitude for the MWS mode is produced upon polarization of ions piled up at the polymer-clay interfaces, whereas for the β-process the dielectric intensity results from the alignments of the molecular dipoles.
A plot of f max from the electric loss modulus data, as a function of reciprocal of temperature is presented in Figure 9 . Arrhenius-type behavior is observed for all the nanocomposites. The calculated values of the activation energy are about 60 Kcal/mole for both PCN30B and PCN1, but only 13.5 Kcal/mole for PCN2. The high dispersion degree of clay layers with free POP4000 oligomeric ammonions may contribute to the low ΔE MWS of PCN2. Further, the values of f max for PCN2 are the greatest among the nanocompsites, which correspond to the shortest relaxation time for the MWS polarization. This is also a proof of the high heterogeneity in PCN2 induced by the large extent of clay nanolayer dispersion, providing more rooms for the free movement of ions inside the nanoclay intergalleries (34) . 
Conclusions
Melt blended PMMA/organoclay PCNs were prepared to investigate the effect of various modification methods on the dispersion and relaxation behaviors. As evidenced by XRD, the partially exfoliated organoclay was well dispersed in the PMMA matrix. The dominant relaxation appeared at ca. 100 o C is the glass-rubber (α) transition of the amorphous PMMA. The broad peak around 10 to 40 o C is associated with the β transition of PMMA. From the DMTA results, the PCN materials with 5 wt % clay loading exhibited higher glass-transition temperature and higher storage modulus compared to the neat PMMA. Greatest improvement was observed in the PCN1 hybrid due to the improved interfacial adhesion between polymer matrix and nanoclay through the tethering of polymer chains on the clay surface.
The molecular relaxation dynamics of PCNs were investigated by dielectric relaxation spectroscopy. Significant increase of the dielectric permittivity and dielectric loss was observed for the PCNs because the dispersive clay nanolayers contributed to the space charge polarization, together with the dipole orientation of PMMA methyl acetate side groups, leading to significant increase in both ε' and ε" either at low frequency regime or at high temperatures beyond the glass transition temperature. Electric modulus formulation was effectively used to determine the extent of interfacial polarization in the composite samples. Plots shifted toward the origin with the improved dispersion of clay layers indicating a Maxwell-Wagner-Sillars process. The data revealed that at the concentrations used in the PCNs good dispersion was achieved within the polymer matrix as indicated by the zero intercept observed on the M' axis. Furthermore, both the MWS process and the conductivity effect were enhanced with increasing temperature for all samples, correlating with the enhanced influence of polymer chain mobility at these high temperatures along with the increased ionic motion through the polymer matrix. In short, the addition of nanoclay can induce shorter mean relaxation times, more heterogeneous relaxing environments, and higher activation energy, which are associated with the hydrogenbond interactions between the ester carbonyl of PMMA and the residual hydroxide groups adjacent to the silicate domains. Also a fraction of entrapped chain segments in clay networks play an important role.
Experimental Part

Materials
The virgin PMMA was an injection grade resin purchased from ChiMei Co., Taiwan, with trade name CM211. Its number-average molecular weight (M n ) was 32000 with a polydispersity (PD) of 2.19. The purified layered silicates Cloisite Na + ® and the organically modified montmorillonite, Cloisite 30B®, used in this study were supplied by Southern Clay Products, Texas. The cation exchange capacities (CEC) of the two products are 92.6 and 90 meq/100g clay, respectively. The organic surfactant for 30B was methyl tallow bis-2-hydroxyethyl ammonium (MT2EtOH). Methyl methacrylate (MMA) was purchased from Showa. The hydroquinone inhibitor was extracted from the MMA monomer with aqueous sodium hydroxide. MMA monomer was then distilled and collected. 2,2'-Azobis(isobutylamidine hydrochloride) (AIBA) initiator was supplied by Wako Chemicals, Japan. Poly(oxypropylene)-diamine (POP) under the trade name Jeffamine1 amines was purchased from Aldrich Chemical Co. The POP-amine is abbreviated as POP4000 with M n = 4000. Other inorganic and organic materials were commercially available and used as received.
Preparation of nanoclay concentrates in PMMA via suspension polymerization
The suspension polymerization was carried out in nitrogen-purged deionized water with AIBA modified clay and extracted MMA monomer. The details of synthesis procedures can be seen in Huang and Brittan (10) . The composition of the PMMA/clay concentrates was determined by thermogravimetry (TGA) at 80/20. The PMMA nanocomposites with loading of 5 wt% clay was prepared through dilution of the concentrates in the plasticorder.
Modification of clay with POP-diamine
The POP4000 intercalated clay was prepared via the cation-exchange reaction, using the method described by Lin et al. (35) . The pristine clay with a d-spacing of 1.28 nm was intercalated by the POP4000 oligomer protonated with equivalent weights of hydrochloric acid. The inorganic content of the intercalated clay was 74 wt% determined by TGA, and the basal spacing increased to about 9.0 nm determined by an X-ray diffractometer. The PMMA/POP/clay nanocomposite was also prepared in the plasticorder at at 160 °C for 10 min with a rotor speed of 100 rpm. The clay content was 5 wt%.
Note that the compounding conditions were the same for the dilution of PMMA/clay concentrates. In order to provide the same processing history, the same procedure was repeated with the neat resin, the unmodifed clay macrocomposites, and the 30B nanocomposites for comparison. To all the compounds, 0.2 wt% heat stabilizer (EVERNOX-76) from Everspring Chemical Co., Taiwan, was added to prevent degradation of the polymer during compounding. All samples were compression molded at 160°C to form plaques for characterization. The sample codes and clay contents from TGA results are shown in Table 3 . 
Wide Angle X-ray Diffraction
The characterization of the structure, i.e., degree of exfoliation and dispersion by XRD was carried out on film samples from the pellets. The basal spacing of the intercalated MMT was analyzed by an X-ray diffractometer (Schimadzu XRD-6000) using a Cu target at 40 kV, 40 mA. The data are recorded in the reflection mode over a  range of 1.5 -10 o at a rate of 1 o /min, taking measurements at equal increments of 0.02 o .
Dynamic Mechanical Thermal Analysis
Dynamic mechanical relaxation was measured with a Perkin Elmer model 7e DMTA working in bending mode at constant stress. The complex modulus, E* = E' + iE", of each sample was determined over a temperature range from -50 to 140 °C at a constant frequency of 1 Hz. The experiments were carried out at a heating rate of 2 °C /min. The dimension of the specimen samples was about 12×12×3 mm.
Dielectric Relaxation Spectroscopy
In dielectric analysis, a sinusoidal voltage is applied, and this creates an alternating electric field; the measured current is expressed in a complex form (ε*) that can be separated into capacitive and conductive components giving the permittivity (ε') and loss factor (ε") εε*(f) = ε'(f) -i ε"(f)
where f is the frequency.
In order to expose the relevant relaxations, such as dipolar polarization and interfacial polarization, conductivity effects must be removed by treating the data with electric modulus. The electric modulus, M*, is the inverse of the complex permittivity, ε*, where 
which is also separated into the real and imaginary parts.
For the dielectric measurements of the neat PMMA and the nanocomposites covering a frequency range from 10 -2 to 10 5 Hz were carried out with a TA highperformance dielectric spectrometer DEA 2970. The setup consisted of a frequencyresponse analyzer supplemented by a high-impedance preamplifier of a variable gain. The samples were melt pressed with Teflon sheet to keep smooth sample surface. Polished samples of about 1 mm thickness and 25 mm diameter were investigated between gold-plated stainless steel electrodes (plate capacitor geometry). Prior to measurements the samples were heated above T g to anneal out any thermal prehistory. The temperature of the sample was controlled by a gas jet heating system operated with liquid nitrogen. Before each frequency sweep the sample was thermally equilibrated at the selected temperature (ranging from 30 to 140 o C) with a stability of 0.2 °C. The temperature sweep was also performed at 3 °C /min from 30 to 140 °C in nitrogen at the selected frequency ranging from 1 to 10 4 Hz.
